Hundreds of lakes and a few seas of liquid hydrocarbons have been observed by the Cassini spacecraft to cover the polar regions of Titan. A significant fraction of these lakes or seas could possibly be interconnected with subsurface liquid reservoirs of alkanes. In this paper, we investigate the interplay that would happen between a reservoir of liquid hydrocarbons located in Titan's subsurface and a hypothetical clathrate reservoir that progressively 
forms if the liquid mixture diffuses throughout a preexisting porous icy layer.
To do so, we use a statistical-thermodynamic model in order to compute the composition of the clathrate reservoir that forms as a result of the progressive entrapping of the liquid mixture. This study shows that clathrate formation strongly fractionates the molecules between the liquid and the solid phases.
Depending on whether the structure I or structure II clathrate forms, the present model predicts that the liquid reservoirs would be mainly composed of either propane or ethane, respectively. The other molecules present in the liquid are trapped in clathrates. Any river or lake emanating from subsurface liquid reservoirs that significantly interacted with clathrate reservoirs should present such composition. On the other hand, lakes and rivers sourced by precipitation should contain higher fractions of methane and nitrogen, as well as minor traces of argon and carbon monoxide.
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Introduction
In 1811, Sir Humphrey Davy (Davy 1811 ) was the first to report the existence of clathrate, a variety of compounds in which water forms a continuous and known crystal structure with small cages. These cages trap guests, such as methane or ethane, needed to stabilize the water lattice. The two most common clathrate structures found in nature are known as structures I and II, which differ in the type of water cages present in the crystal lattice (Sloan & Koh 2008 In this paper, we investigate the interplay that may happen between an alkanofer, namely a reservoir of liquid hydrocarbons located in Titan's subsurface, and a hypothetical clathrate reservoir that progressively forms when the liquid mixture diffuses throughout a preexisting porous icy layer.
This porous layer might have been generated by cryovolcanic events resulting from the ascent of liquid from subsurface ocean (Mitri et al. 2006) or from the destabilization of clathrates in the ice shell of Titan (Tobie et al. 2006 ).
In both cases, a highly porous icy material in contact with the atmosphere is generated, probably similar to basaltic lava flows (Mousis & Schmitt 2008 ).
The cooling of cryolava is expected to take less than 1 yr to decrease down to Titan's surface temperature (Lorenz 1996) , implying that it should be fast enough to allow preservation of the created porosity.
Hundreds of lakes and a few seas are observed to cover the polar regions of Titan (Stofan et al. 2007 ). Kraken Mare and Ligeia Mare, namely the two largest seas of Titan, have surface areas estimated to be ∼400,000 km of hydrocarbons, about 100 times the known terrestrial oil and gas reserves, but still only ∼1.4% of Titan's atmospheric methane (Mastrogiuseppe et al. 2014 ). While a significant number of these lakes and seas should be regularly filled by hydrocarbon rainfalls (Turtle et al. 2011 ), some of them could be also renewed via their interconnection with alkanofers. Using porous media properties inferred from Huygens probe observations, Hayes et al. (2008) found that the timescales for flow into and out of observed lakes via subsurface transport are order of tens of years. Because the porosity is not expected to evolve significantly over ∼20 Myr within the subsurface of Titan (Kossacki & Lorenz 1996) , clathrates might form and equilibrate with liquid hydrocarbons well prior that the porosity reaches its close-off value. A frac-tion of these lakes may then result from the interaction between alkanofers and clathrate reservoirs through the ice porosity and possess a composition differing from that of lakes and rivers sourced by precipitation. As a liquid reservoir occupies a finite volume, the progressive transfer and fractionation of the molecules in the forming clathrate reservoir could alter the lakes' 2. Modeling the clathrate-liquid equilibrium
Computational approach
We assume that the liquid reservoir is in contact with porous ice and that clathrates form at the liquid/ice interface. We consider an isolated system composed of a clathrate reservoir that progressively forms and replaces the H 2 O crustal material with time and a liquid reservoir that correspondingly empties due to the net transfer of molecules to the clathrate reservoir (see concept pictured in Fig. 1 ). Based on this approach, we have elaborated a computational procedure with the intent to determine the mole fractions of each species present in the liquid reservoir and trapped in the forming clathrate reservoir, as a function of the fractions of the initial liquid volume (before volatile migration) remaining in lake and present in clathrates, respectively. At the beginning of our computations, the liquid reservoir's composition is derived from those computed by Cordier et al. (2009 Cordier et al. ( , 2013 for lakes at polar and equator temperatures, which result from models assuming thermodynamic equilibrium between the atmosphere and the lakes (see Table 1 ).
Because the clathration kinetics of hydrocarbons is poorly constrained at the Titan's surface temperatures considered, the present calculations use an iterative process for which the number of molecules in the liquid phase being trapped in clathrates between each iteration is equal to 10 −4 the total number of moles. Initially, all molecules are in the liquid phase. The mole fraction x lake K (0) of species K in lake, is given in Table 1 . The corresponding number of moles of species K is defined by n lake At iteration i, the mole fraction x clat K (i) of each enclathrated guest K is calculated by using the statistical-thermodynamic model described in section 2.2 and the relative abundances in the liquid phase of the previous iteration.
The new numbers of moles in the lake n lake K (i) and in clathrate n clat K (i) are calculated for each species K, with n lake
The mole fraction of each species K present at iteration i in the lake and clathrate are defined by
, respectively, with n lake (i) =
The new values of n lake K (t) and n clat K (t) are introduced in the next loop and the process is run until n lake eventually gets to zero.
The statistical-thermodynamic model
To calculate the relative abundances of guest species incorporated in the clathrate phase at given temperature and pressure, we use a model applying classical statistical mechanics that relates the macroscopic thermodynamic properties of clathrates to the molecular structure and interaction energies In this formalism, the fractional occupancy of a guest molecule K for a given type q (q = small or large) of cage can be written as
where the sum in the denominator includes all the species which are present in the liquid phase. C K,q is the Langmuir constant of species K in the cage of type q, and f K the fugacity of species K in the mixture. Using the Redlich-Kwong equation of state (Redlich and Kwong 1949) in the case of a mixture dominated by C 2 H 6 , we find that the coefficient of fugacity φ of the mixture (defined as the ratio of the mixture's fugacity to its vapor pressure)
converges towards 1 at Titan's surface temperatures and corresponding C 2 H 6 vapor pressures. In our approach, the value f K of each species K is calculated via the Raoult's law, which states
with P K the vapor pressure of species K in the mixture and P * K the vapor pressure of pure component K. P * K is defined via the Antoine equation
with the parameters A, B and C listed in Table 2 (P * K is expressed in bar and T in K).
The Langmuir constant depends on the strength of the interaction between each guest species and each type of cage, and can be determined by integrating the molecular potential within the cavity as
where R c represents the radius of the cavity assumed to be spherical, 
In Eq. 5, z is the coordination number of the cell. This parameter depends Finally, the mole fraction x clat K of a guest molecule K in a clathrate can be calculated with respect to the whole set of species considered in the system as
where b s and b l are the number of small and large cages per unit cell respectively, for the clathrate structure under consideration, and with
Values of R c , z, b s and b l are taken from Parrish & Prausnitz (1972) .
Among the different species considered in the present study, C σ K−W is the Lennard-Jones diameter, K−W is the depth of the potential well, and a K−W is the radius of the impenetrable core, for the guest-water pairs.
Model uncertainties
The scenario we propose is based on some underlying assumptions, indi- • Kinetics of clathrate formation. Kinetics data concerning clathrate formation are scarce and mostly concern gas/ice interaction (see Sloan between Titan's surface and these experiments, the uncertainty is too large to make use of these kinetics data. Kinetics measurements remain to be done at Titan's conditions.
• Assumption of equilibrium. Our model is restricted to equilibrium calculations between subsurface alkanofers and coexisting clathrate layers.
Hence it should be applied with caution to the case where lakes and rivers located on Titan's surface directly equilibrate with a clathrate layer located beneath. To do so, we would need to compute the si-multaneous equilibrium between the clathrate reservoir, lake and atmosphere. However, our computations are a good approximation if the reequilibration timescale between the lake and the atmosphere is short compared to the timescale of clathrate formation. Figure 2 represents the evolution of the mole fractions of species present in subsurface alkanofers of Titan, starting with the one given in Table 1, as a function of their progressive entrapping in structures I and II clathrate reservoirs located at the poles (T ∼90 K) and at the equator (T ∼93.6 K).
Results
The evolution of the liquid reservoir's composition varies significantly if one assumes the formation of a structure I or a structure II clathrate reservoir. In particular, the change of clathrate structure in our model alters the number of dominant species present in the liquid phase at high mole fractions of entrapped liquid. It also drastically affects the evolution of the abundances of secondary species during the progressive liquid entrapping.
When considering the formation of a structure I clathrate, and irrespective of the liquid reservoir's temperature, the dominating species is C 2 H 6 until that a liquid mole fraction of ∼0.85 has been trapped into clathrate.
Above this value, and because of the entrapping of the other molecules in structure I clathrate, C 3 H 8 becomes the only remaining species in the liquid reservoir. At both temperatures considered, the initial abundance of CH 4 in the liquid phase is close to that of C 3 H 8 (see Table 1 ). However, as the liquid progressively forms clathrate with ice, the mole fraction of CH 4 rapidly decreases and finally converges towards zero after a mole fraction of ∼0. In our model, any river or lake emanating from alkanofers possessing these characteristics should present a similar composition. On the other hand, lakes and rivers sourced by precipitation should contain substantial fractions of CH 4 and N 2 , as well as minor traces of Ar and CO (see Table   1 ). Here, the lake compositions have been computed in the cases of liquid trapping in structures I and II clathrate reservoirs. However, it has been
shown that a mixture dominated by ethane in presence of methane leads to the formation of a structure I clathrate (Takeya et al. 2003 ). We then believe that clathrate reservoirs formed from the lakes on Titan should be essentially of structure I.
Interestingly, if one postulates that the pores are fully filled by liquid hydrocarbons, it is possible to estimate the maximum porosity of the alkanofer that is consistent with a full enclathration of the solution. Assuming that the composition of the liquid reservoir is dominated by C 2 H 6 in the case of structure I clathrate, the number of molecules present in the liquid is
, with x the porosity, ρ C 2 H 6 the density of the liquid, M C 2 H 6 the molecular mass of C 2 H 6 and V the volume of the alkanofer. On the other hand, the maximum number of available clathrate cages in the porous matrix Table 1 when the clathrate reservoir is absent.
In any case, it must be borne in mind that the possible range of ini- Top and bottom panels correspond to the formation of structure I and II clathrates, respectively. C 3 H 8 is only trapped in structure II clathrate (see text).
